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ABSTRACT Epstein-Barr virus (EBV) has been classified into two strains, EBV type 1
(EBV-1) and EBV type 2 (EBV-2) based on genetic variances and differences in transform-
ing capacity. EBV-1 readily transforms B cells in culture while EBV-2 is poorly transform-
ing. The differing abilities to immortalize B cells in vitro suggest that in vivo these viruses
likely use alternative approaches to establish latency. Indeed, we recently reported that
EBV-2 has a unique cell tropism for T cells, infecting T cells in culture and in healthy
Kenyan infants, strongly suggesting that EBV-2 infection of T cells is a natural part of the
EBV-2 life cycle. However, limitations of human studies hamper further investigation into
how EBV-2 utilizes T cells. Therefore, BALB/c Rag2null IL2r�null SIRP� humanized mice
were utilized to develop an EBV-2 in vivo model. Infection of humanized mice with
EBV-2 led to infection of both T and B cells, unlike infection with EBV-1, in which only B
cells were infected. Gene expression analysis demonstrated that EBV-2 established a la-
tency III infection with evidence of ongoing viral reactivation in both B and T cells. Im-
portantly, EBV-2-infected mice developed tumors resembling diffuse large B cell lym-
phoma (DLBCL). These lymphomas had morphological features comparable to those of
EBV-1-induced DLBCLs, developed at similar rates with equivalent frequencies, and ex-
pressed a latency III gene profile. Thus, despite the impaired ability of EBV-2 to immor-
talize B cells in vitro, EBV-2 efficiently induces lymphomagenesis in humanized mice. Fur-
ther research utilizing this model will enhance our understanding of EBV-2 biology, the
consequence of EBV infection of T cells, and the capacity of EBV-2 to drive lymphom-
agenesis.

IMPORTANCE EBV is a well-established B cell-tropic virus. However, we have recently
shown that the EBV type 2 (EBV-2) strain also infects primary T cells in culture and in
healthy Kenyan children. This finding suggests that EBV-2, unlike the well-studied EBV-1
strain, utilizes the T cell compartment to persist. As EBV is human specific, studies to un-
derstand the role of T cells in EBV-2 persistence require an in vivo model. Thus, we de-
veloped an EBV-2 humanized mouse model, utilizing immunodeficient mice engrafted
with human cord blood CD34� stem cells. Characterization of the EBV-2-infected hu-
manized mice established that both T cells and B cells are infected by EBV-2 and that
the majority of infected mice develop a B cell lymphoma resembling diffuse large B cell
lymphoma. This new in vivo model can be utilized for studies to enhance our under-
standing of how EBV-2 infection of T cells contributes to persistence and lymphomagen-
esis.
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Epstein-Barr virus (EBV) is a well-established B cell-tropic virus able to transform B
cells in vitro and drive lymphomagenesis in vivo. However, this virus is also associ-

ated with T cell lymphomas. The oncogenic potential of EBV in T cells is demonstrated
by the strong association of EBV with a subset of T cell and NK cell lymphomas (1–3)
and hydroa vacciniforme-like lymphomas (4). EBV is also associated with T cell lym-
phoproliferative disorders (LPDs) such as secondary hemophagocytic lymphohistiocy-
tosis (5), hydroa vacciniforme (6), and chronic active EBV (7). Our understanding of the
role that EBV plays in these T cell diseases has been hampered by the inability of EBV-1
to infect T cells in experimental settings.

EBV has been classified into two major strains which are referred to as EBV type 1
(EBV-1) and EBV type 2 (EBV-2) based on genetic differences in the latent genes
encoding Epstein-Barr nuclear antigen 2 (EBNA-2), EBNA-3a, and EBNA-3c (8–12). These
two strains also have functional differences in their transforming capacities. EBV-1
readily transforms B cells in culture, leading to the outgrowth of immortalized lym-
phoblastoid cell lines (LCL), while EBV-2 is poorly transforming (10, 13, 14). The paradox
of EBV-2 is that although infection of B cells in culture does not readily yield LCL, EBV-2
is equally detected in endemic Burkitt’s lymphoma (BL) (12, 15, 16), suggesting that the
failure to transform B cells in vitro is not representative of EBV-2’s oncogenic capability
in vivo. In addition, the differing abilities of the two EBV strains to immortalize B cells
in vitro are thought to be a model for how EBV establishes latency in vivo (17),
suggesting that in vivo the EBV strains use alternative methods to establish latency.

Along these lines, we recently reported that EBV-2, but not EBV-1, readily infects and
establishes a latent infection in mature human CD3� (hCD3�) T cells in vitro (14).
Infection with EBV-2 resulted in latent gene expression in T cells and induced activation
and proliferation in culture. We have also found that EBV-2 infects T cells in healthy
infants (18), strongly indicating that EBV-2 infection of T cells is not an artifact of cell
culture but likely a natural part of the EBV-2 life cycle. Because EBV is strictly a human
pathogen, it is challenging to study primary infections. Thus, it is currently unclear
whether EBV-2 utilizes the T cell compartment to establish latency and/or long-term
persistence.

Distinct patterns of EBV latent gene expression are observed in both healthy hosts
and in different EBV-associated LPDs (19). EBV-encoded RNAs (EBERs), small nontran-
scribed, highly expressed RNAs, are found in all EBV latently infected cells and are thus
useful for their detection (20). Following primary infection, EBV establishes a growth
latency program (also referred to as latency III) in naive B cells, where all EBV latent
genes are expressed (e.g., EBNA-1, -2, -3a, -3b, -3c, EBNA leader protein [EBNALP], and
latent membrane protein 1 [LMP-1] and LMP-2) (21). This growth program is also seen
in B cell LPDs that occur in immunodeficient hosts (22). Similar to EBV-1 in B cells, EBV-2
also expresses the growth program following primary infection of T cells ex vivo (14).
Notably, this was the first observation of the growth program in cells of non-B cell
origin. A second pattern of latent gene expression is termed latency II in which only
EBNA-1, LMP-1, and LMP-2 are expressed. The latency II gene expression profile is
observed in germinal center B cells following primary infection (17) and in a subset of
Hodgkin’s lymphomas (23), nasopharyngeal carcinoma (24), and T/NK cell lymphomas
(25). Latency I is restricted to EBNA-1 only and found in memory B cells and in Burkitt’s
lymphoma (13, 26).

The use of hematopoietic mouse models for studying EBV infection and EBV-driven
lymphomagenesis has been well documented (reviewed in reference 27). Early studies
utilized a model with the engraftment of peripheral blood lymphocytes (PBL) in severe
combined immunodeficiency (SCID) mice (reviewed in reference 28). However, this
model had significant limitations due to a number of factors, including the mouse strain
used (e.g., SCID mice) and the source of the human cells (e.g., mature PBL). Advance-
ments in engineering greater levels of immunodeficiency in the recipient mice and the
use of human CD34� hematopoietic stem cells (HSCs) to reconstitute the human
immune system have led to more robust reconstitution and the development of
functional human lymphocytes (reviewed in references 29, 30, and 31). The contribu-
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tions of different EBV latent and lytic proteins in B cell lymphomagenesis have been
studied using these advanced humanized mouse (hu-mouse) models (32–37). Devel-
opment of diffuse large B cell lymphomas (DLBCL) and LPD following EBV infection has
been reported but with variable frequencies (38, 39). The EBV hu-mouse models to date
have utilized EBV-1 strains that have well-defined B cell tropism; however, no EBV-2
models have been reported in the literature.

The BALB/c Rag2null IL2r�null humanized mouse (BRG hu-mouse) model transplanted
with cord blood (CB)-derived CD34� HSCs results in the development of mature human
B cells and T cells (40, 41). Both CD4� and CD8� T cell subsets are observed in BRG
hu-mice along with normal thymic CD4/CD8 expression patterns. The BRG strain was
further modified with the introduction of the NOD-derived Sirpa allele (referred to from
this point as the BRGS strain), which improves human chimerism (42, 43). A significant
advantage of the BRGS hu-mouse model is the combination of B cell maturation and
robust IgG production as well as significant thymic engraftment and T cell generation
without the need for human thymus cotransplantation, as required in other models
(44).

In this study, we used BRGS hu-mice to address two questions: (i) whether, in
contrast to EBV-1, EBV-2 can infect T cells in humanized mice, and (ii) whether, similar
to EBV-1, EBV-2 is pathogenic in humanized mice. We report here that EBV-2 infection
of BRGS hu-mice resulted in infection of T cells as well as B cells and also induces
lymphomagenesis, providing an in vivo model to study the role of T cells in EBV-2
persistence and pathogenesis.

RESULTS
EBV type 2 infects CD3� T cells in humanized mice. Because we observed that

EBV-2 can infect CD3� T cells both ex vivo (14) and in healthy Kenyan children (18), we
hypothesized that EBV-2 could also infect T cells in hematopoietic engrafted human-
ized mice. To address this question, BRGS mice transplanted at birth with CD34� HSCs
isolated from human umbilical CB (here referred to as hu-mice) were used. Prior to
infection with EBV, adult hu-mice were bled, and the percentage of human CD45�

(hCD45�) lymphocytes was determined by flow cytometry to confirm successful he-
matopoietic engraftment. In hu-mice used for infection, the percentage of human
CD45� cells in peripheral blood ranged from 25% to 86% (Fig. 1A and B). Notably,
human chimerism in hu-mice is consistently variable. In addition to differences in stem
cell donors, a fluctuating emergence of B cells followed by increased T cell frequencies
is common in hu-mice, yet each hu-mouse has its own unique time course, resulting in
variable B and T cell numbers among these mice (40). Hu-mice were infected intrave-
nously (i.v.) with 1 � 108 genome copies of EBV-2. For comparison, hu-mice were also
infected with the EBV-1 strain (1 � 108 genome copies) or were mock infected with an
equivalent volume of phosphate-buffered saline (PBS). Infection of human lymphocytes
was analyzed in spleen, lymph nodes (LN), and peripheral blood mononuclear cells
(PBMC) at 2 and 4 weeks postinfection (wpi) for EBV-2 and at 4 wpi for EBV-1. At the
time of sacrifice, flow cytometry was again used to validate the chimerism of human
hematopoietic cells, including T and B cell subsets. All hu-mice had �75% hCD45� cells
in LN and between 11 and 86% hCD45� cells in the spleens and PBMC. Human CD3�

T cells and hCD19� B cells could be detected in all infected hu-mice with variable
ranges in the percentages of these cells in the PBMC, spleen, and LN (Fig. 1C and Table
1). The percentages of hCD45� chimerism and of the T and B cell subsets among the
human cells were not significantly different among the three groups, with the excep-
tion of a decreased T cell frequency in the PBMC of EBV-2-infected mice compared to
that in EBV-1-infected mice after 4 wpi (Fig. 1C and Table 1).

To determine whether EBV-2 could infect T cells in hu-mice, the hCD3� T cell and
non-T cell fractions were isolated by magnetic bead separation from spleens, LN, and
PBMC of hu-mice at 2 and 4 wpi. DNA was extracted, and quantitative PCR (qPCR) was
used to detect and quantify EBV DNA. The purity of the CD3� T cell fractions was
evaluated by flow cytometry (Fig. 2A) (see Materials and Methods), and they consisted
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of �85% human CD3� T cells with �1.6% contamination by human CD19� B cells. At
2 wpi and 4 wpi, EBV DNA was detected in the T cell fractions isolated from LN and
PBMC in all EBV-2-infected hu-mice (Fig. 2B). Only 4 of 7 hu-mouse spleen T cell
fractions were EBV-2 positive (EBV-2�) at 2 wpi, but by 4 wpi, EBV-2 was detected in the

FIG 1 Human lymphocyte engraftment levels of BRGS mice pre- and postinfection with EBV. To develop an EBV-2 hu-mouse model, BRGS mice transplanted
with CD34� HSCs isolated from human umbilical CB (hu-mice) were used. (A) CD34� CB-engrafted BRGS mice were analyzed by flow cytometry with antibodies
to murine CD45 and to human CD45, CD3, and CD19 prior to infection and at the time of euthanasia to determine human lymphocyte engraftment levels. (B)
Prior to infection, blood samples from hu-mice were analyzed by flow cytometry to confirm engraftment of human lymphocytes. Human chimerism was
calculated for each mouse, identified by number on the x axis, and is shown as the percentage of human hematopoietic cells in the total population (human
and mouse) of hematopoietic cells [(percentage of hCD45 cells/percentage of hCD45 � mCD45 cells) � 100]. (C) Following euthanasia of EBV-infected hu-mice,
the spleen, LN, and blood were harvested. A proportion of each sample was used for flow cytometric analysis of human lymphocyte subsets. Human
hematopoietic chimerism was calculated as the percentage of human hematopoietic cells in the total population (human and mouse) of hematopoietic cells
[(percentage of hCD45 cells/percentage of hCD45 � mCD45 cells) � 100]. Human B cell (hCD45�/hCD19�) and T cell (hCD45�/hCD3�) subsets were calculated
as a percentage of total human CD45� cells.
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T cell fractions isolated from spleens of every infected hu-mouse. When we calculated
the number of EBV copies per 106 cells in each positive cell fraction, the EBV viral load
ranged from 1.62 log EBV copies to 6.42 log copies per 1 � 106 cells (Fig. 2B). At 2 wpi
significantly higher viral loads were detected in the T cell fractions isolated from LN
than from the spleen (P � 0.0312); however, by 4 wpi there were no significant
differences in viral loads detected in the T cell fractions isolated from the spleen, LN,
and PBMC. To estimate the efficiency of T cell infection in hu-mice, we calculated the
approximate frequency of infection, assuming one EBV genome per T cell. The fre-
quencies ranged between 1:104 and 1:508 at 2 wpi and between 1:42 and 1:223 at 4
wpi, with the highest frequencies in the LN at both 2 and 4 wpi.

We also evaluated EBV infection of the non-T cell fractions harvested from the
spleen, LN, and PBMC of these same mice. Due to limited cell numbers obtained from
individual mice, it was not feasible to isolate CD19� B cells directly although they were
present in all tissues examined (Fig. 1C and Table 1). Thus, we utilized the B cell-
containing non-T cell fractions to monitor infection levels in the B cell compartment.
Evaluation of the non-T cell fractions indicated that CD19� B cells were present in a
range from 10.6% to 50.8%, with contamination of �1% human CD3� T cells (Fig. 2A)
(see Materials and Methods). EBV-2 was also detected in the majority of non-T cell
fractions isolated from PBMC, spleen, and LN at both 2 and 4 wpi (Fig. 2B). The mean
viral loads of EBV-2 in T cells and B cells in different organs were not significantly
different. For various experimental groups, PBS-treated hu-mice were included as a
control (n � 8); the data of a representative mock-infected hu-mouse (HS255) were
included in Table 1. At the time mice were euthanized, PBS-treated hu-mice were
screened by PCR for infection, and EBV was not detected in any of these mice (data not
shown). Together, these data suggest that EBV-2 was able to persist in both the B and
T cell compartments for at least 4 weeks.

EBV type 1 does not infect CD3� T cells in humanized mice. Previous studies
have not detected EBV-1 infection of T cells in an NOD SCID IL2R�null (NSG) humanized
mouse model (34). To determine if EBV-1 could infect T cells in the BRGS hu-mouse
model, we evaluated EBV load in both the T cell and non-T cell fractions of EBV-1-
infected hu-mice at 4 wpi. EBV-1 was detected only in the non-T cell fractions of PBMC,
spleens, and LN (PBMC median, 2.67 log copies/1 � 106 human cells; spleen median,
3.37 log copies/1 � 106 cells; LN median, 3.58 log copies/1 � 106 cells) (Fig. 2C). EBV-1
was not detected in the CD3� T cell fraction in any of the mice tested, confirming that

TABLE 1 EBV-infected BRGS hu-mice

Time point and
virus or inoculuma Mouse

Tumor
(tissue)

Total no. of hCD45� cells % hCD3� T cells % hCD19� B cells

Spleen LN Spleen LN PBMC Spleen LN PBMC

2 wpi
LCL-10 HS249 No 4.77E�06 2.24E�06 40.80 72.30 47.00 46.4 19.5 29.1

HS252 No 1.15E�07 7.00E�06 96.60 70.60 66.50 0.44 23.8 20.0
HS253 No 5.00E�06 3.35E�06 78.50 97.80 93.70 15.6 0.58 0.51
HS254 No 9.18E�06 3.57E�06 66.90 86.9 89.80 24.2 8.68 3.3
HS259 No 1.92E�07 1.38E�06 7.75 31.40 17.40 64.3 50.2 57.1
HS262 No 2.88E�07 3.31E�06 17.10 49.30 42.40 56.5 36.7 40.3
HS263 No 1.37E�07 1.16E�06 10.50 29.30 37.40 61.1 47.8 39.6

PBS HS255 No 1.95E�06 4.41E�06 65.30 82.00 76.80 25.6 14.5 8.61

4 wpi
LCL-10 HS258 Yes (spleen) 3.65E�07 1.41E�06 42.5 57.7 63.8 51.3 25.7 17.0

HS260 Yes (spleen) 8.50E�07 1.30E�06 29.4 40.3 16.4 54.9 47.1 56.0
HS271 No 4.23E�06 3.01E�06 55.9 64.7 29.8 35.3 22.7 6.87
HS274 No 2.69E�06 2.46E�06 46.8 70.3 47.3 44.1 21.9 19.4
HS278 No 8.7E�05 2.02E�06 66.5 79 61.3 17.5 11.3 7.5

B95.8 HS411 Yes (spleen) 4.22E�07 8.58E�06 53.4 70.9 60.7 38.5 25.9 29.2
HS413 No 6.67E�06 5.13E�06 60.7 85.5 84.5 33.8 10.7 6.06
HS414 Yes (spleen) 1.63E�07 1.63E�07 76.3 75.7 88.8 19.5 18 3.12
HS416 Yes (spleen) 2.01E�07 9.74E�06 43.2 79.9 88.8 52.1 16 6.51

aLCL-10 and B95.8 are EBV-2 and EBV-1 strains, respectively.
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infection of T cells is unique to EBV-2 in the BRGS hu-mouse model. Notably, similar to
what was observed in the EBV-2-infected mice, three of the EBV-1-infected mice
developed visible tumors in their spleens by 4 wpi (Table 1), suggesting that both EBV
types are oncogenic in the hu-mouse model. Collectively, these data demonstrate that
EBV-2, but not EBV-1, infects T cells in the BRGS hu-mouse model.

FIG 2 EBV type 2 infects T cells in BRGS humanized mice. Hu-mice were infected via i.v. injection with 1 � 108 genome copies of EBV-2 (LCL-10) or EBV-1 (B95.8).
At 2 and 4 wpi, human T cell and non-T cell fractions were isolated from spleen, LN, and PBMC via magnetic columns, and DNA was subsequently isolated.
(A) Postsorting purity analysis for murine CD45� human CD3 and human CD19 cells was performed on all T cell and non-T cell fractions. Representative flow
cytometry plots for hu-mouse HS274 are shown. (B and C) Multiplex qPCR for EBV genome (BALF5 gene) was performed to determine the log EBV copy number
per 1 � 106 cells for each cellular fraction. Two groups of EBV-2-infected hu-mice (n � 7) and one PBS control mouse were analyzed at 2 wpi, and two groups
of EBV-2-infected mice (n � 5) were analyzed at 4 wpi (B). One group of EBV-1-infected hu-mice (n � 4) was analyzed at 4 wpi (C). Dashed lines indicate the
limits of detection of the BALF5 PCR. ND, not detected; NA, not acquired.
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EBV type 2 establishes a latency III infection in T and B cells in humanized mice.
In previously described EBV-1 hu-mouse models reconstituted with human CD34�

HSCs, EBV-infected cells expressed the latency III program (34, 38, 45–48). Lytic infection
could also be detected in the EBV-infected hu-mice (34, 38, 46–48). To determine the
latency program in EBV-2-infected mice, specifically in T cell compared to non-T cell
fractions, EBV gene expression was analyzed in all cell fractions that were positive for
both EBV genome and the housekeeping human �2-microglobulin transcripts. The EBV
latency gene transcripts LMP-1, LMP-2, EBNA-1, and EBNA-2 and the EBV lytic transac-
tivator gene BZLF1 and late lytic gene gp350 transcripts were measured using a reverse
transcription-PCR (RT-PCR) assay and quantified relative to human �2-microglobulin
transcript levels (Fig. 3). At 2 and 4 wpi, all four latency gene transcripts were detected
in the majority of blood, spleen, and LN samples isolated from EBV-2-infected hu-mice
(Fig. 3A), characteristic of the latency III expression pattern. Both T and non-T cell
fractions at 2 and 4 wpi were variably positive for BZLF1 and gp350, indicative of lytic
reactivation. Of note, at 4 wpi, BZLF1 and gp350 were detected consistently in both the
T cell and non-T cell fractions of EBV-2-infected hu-mice. These results demonstrate that
EBV-2 established a latency III infection, with evidence of ongoing viral reactivation in
both the B and T cell compartments in the BRGS hu-mouse model.

Because the infection of hu-mice with EBV-1 has not been characterized, we evaluated
EBV gene expression in the non-T cell fractions isolated from EBV-1-infected mice at 4 wpi
(Fig. 3B). Consistent with previous reports of a latency III pattern observed in EBV-1
hu-mouse models (34, 38, 46–48), we observed a latency III pattern of gene transcripts in
the non-T cell fractions of EBV-1-infected hu-mice. Sporadic BZLF1 and gp350
transcript-positive samples were also observed for non-T cell fractions in EBV-1-infected
hu-mice.

Human chimerism and activation status of human T and B cells in EBV type
2-infected mice. Once we had determined that EBV-2 efficiently infects hu-mice, we
further characterized the immune system of these infected hu-mice to detect differ-
ences in T cell responses to EBV-2 infection. To this end, we analyzed the human
lymphocyte subsets of hu-mice pre- and postinfection with EBV-2 in comparison to
those of the PBS-injected littermate controls. We performed this analysis at 2 wpi as this
would allow time for the virus to efficiently establish infection. Prior to infection, the
hu-mice were bled to determine human T and B cell chimerism (as shown in Fig. 1A)
and distributed into experimental groups to have similar ranges of human hematopoi-
etic chimerism (Fig. 4A, left). At 2 wpi spleens, LN, and PBMC were likewise evaluated
for human T and B cell chimerism. While the LN and spleens showed similar levels of
chimerism between the infected and control hu-mice (data not shown), there was a
notable increase in human chimerism in the blood of infected mice over the 2 weeks
on an individual mouse basis and using the preblood data as baseline (Fig. 4A, right).
This change reflected an overall increase in the percentage of human cells although the
frequencies of CD3� T cells and CD19� B cells within the hCD45� blood population did
not significantly differ between infected and control mice (Fig. 4A, right).

In our evaluation of the phenotype of T cells in the EBV-2-infected mice in compar-
ison to that of the PBS controls, we saw no differences among the CD4� or CD8� T cell
subsets in frequencies of naive (CD45RA�), effector memory (CD45RO� CCR7�), central
memory (CD45RO� CCR7�), or activated T cells, as defined by HLA-DR� (Fig. 2B and
data not shown). On the other hand, the percentage of CD69� cells was significantly
decreased in the CD4� and CD8� human T cell and CD19� human B cell subsets of
infected hu-mice but only in the LN tissue (Fig. 4C and D, left panels). To increase our
detection of T cells, we costained tissue samples with anti-human CD3 and CD5
antibodies (Abs). Using this approach, we noticed a significant increase in the level of
CD5 expression by both CD4� and CD8� human T cells in the PBMC and by CD8� T
cells in the spleen of EBV-2-infected hu-mice relative to levels in noninfected hu-mice
(Fig. 4C, right panels). No significant difference in the percentages of CD5� cells was
observed among the CD19� CD20� B cells from EBV-2-infected and PBS-treated mice
(Fig. 4D, right panel). In summary, we were able to observe some differences in
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EBV-2-infected mice compared to PBS control mice, including increased human chi-
merism in the blood, decreased CD69 expression in LN, and increased CD5 expression
on human T cells, which suggest that EBV-2 infection modulated the activity of the
human immune system in the hu-mouse model.

EBV type 2- and EBV type 1-infected humanized mice develop B cell lym-
phoma. EBV-2 infection of B cells in culture results in limited outgrowth of transformed
B cells (15) although EBV-2 is associated with Burkitt lymphoma in people (15, 16). We
observed evidence of lymphoma development in both EBV-1- and EBV-2-infected
hu-mice at 4 wpi, indicating EBV-2 transformation and oncogenic ability in hu-mice. To
determine the pathogenic capacity of the EBV types in the BRGS hu-mouse model,

FIG 3 EBV type 2 gene expression pattern in humanized mouse cell fractions. Purified RNA was isolated from all T cell and non-T cell fractions harvested at
2 and 4 wpi. For all cell fractions that were positive for EBV genome, RNA was reverse transcribed, and biplex PCRs were carried out for EBV genes EBNA-1,
EBNA-2, LMP-1, LMP-2, BZLF1, gp350, and human �2-microglobulin. (A) EBV-2-infected mice. Cell fractions were analyzed as follows at 2 wpi: T cell fraction in
PBMC, n � 7; non-T cell fraction in PBMC, n � 6; T cell fraction in spleen, n � 4; non-T cell fraction in spleen, n � 7; T cell fraction in LN, n � 7; non-T cell
fraction in LN, n � 4. At 4 wpi, n � 5 for all cell fractions. (B) EBV-1-infected mice. At 4 wpi, n � 4 for all non-T cell fractions. The EBV-2 LCL-10 lymphoblastoid
cell line was used as a positive control for all latent amplicons, and the EBV-2 Jijoye Burkitt’s lymphoma cell line induced to reactivate was used for the lytic
amplicon.
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hu-mice were infected with either EBV-1 or EBV-2 and monitored for signs of illness. For
these experiments, multiple routes of infection were tested, including direct i.v. and
intraperitoneal (i.p.) infection of hu-mice, as well as i.v. injection of ex vivo-infected CB
mononuclear cells into nonhumanized BRGS mice. EBV-1 has been shown to induce
lymphoma development in a number of hu-mouse models; thus, groups of hu-mice
were infected with EBV-1 (n � 16) as a control. In these mice, 75% developed tumors
(i.v. infection, 3 out of 4 tumors detected; i.p. infection, 4 out of 7 tumors detected; ex
vivo infection, 5 out of 5 tumors detected) between 5 and 9 wpi in the spleen, LN, liver,
and/or kidney (Table 2), consistent with previous observations in EBV-1 hu-mouse
models (35, 46, 49, 50). The route of infection did not seem to have an effect on the
frequency of tumor development in EBV-1-infected mice.

Of the mice infected with EBV-2 (n � 11), 8 out of 11 (72.7%) developed tumors (i.v.
infection, 4 out of 4 tumors detected; i.p. infection, 1 out of 2 tumors detected; ex vivo
infection, 3 out of 5 tumors detected). Similar to what was observed in the EBV-1-
infected BRGS mice, tumors were observed in the spleen, LN, kidneys, peritoneal cavity,
and liver (Table 2). Of note, the i.v. route of infection appeared most efficient as mice
infected with EBV-2 using this route became visibly ill, with signs of malaise and ruffled

FIG 4 Human lymphocyte subsets in EBV type 2-infected versus uninfected humanized mice. (A) Equivalent ranges of human hematopoietic (hCD45�), T
(hCD3�), and B (hCD19�) cell chimerism were found in blood of hu-mice prior to infection with EBV-2 or PBS treatment (left). The percent change in human
CD45�, T, and B cell chimerism in PBMC of PBS-treated or EBV-2-infected mice is defined as follows (calculated, respectively, for each cell type): (percentage
of hCD45, CD3, or CD19 cells at 2 wpi � the percentage of hCD45, CD3, or CD19 cells prebleed)/(percentage of hCD45, CD3, or CD19 cells prebleed) (right).
The dashed line represents no change (0%) in chimerism from preinfection to 2 wpi. (B) Representative flow plots and the percentages of naive (CD45RA�),
effector memory (CD45RO� CCR7�), and activated (HLA-DR�) cells among CD4� and CD8� T cells, as indicated, in the LN, spleen, or blood (PBMC) of uninfected
(PBS) or EBV-2-infected humanized BRGS mice. (C) Representative flow plots and the percentages of CD69� or CD5 proteins in CD4� and CD8� T cells from
indicated tissues of control or EBV-2-infected hu-mice. MFI, mean fluorescence intensity. (D) The percentages of B cells that were CD69� and CD5� from
indicated tissues of PBS-treated or EBV-2-infected hu-mice. Each dot represents an individual mouse from a total of 9 EBV-2-infected and 8 PBS-injected mice
from two independent experiments. Bars are means � standard errors of the means. *, P � 0.05; **, P � 0.01.
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fur, between 5 and 8 wpi, and 100% of infected mice developed tumors. Comparatively,
signs of illness were delayed to 8 and 12 wpi in the majority of hu-mice infected with
EBV-2 using the i.p. and ex vivo routes of infection, with 50% and 60% of these mice
developing tumors, respectively (Table 2). At harvest, �2-fold-higher EBV-2 loads were
detected in all tissues examined from i.v.-infected hu-mice than in those from i.p.- and
ex vivo-infected mice (Fig. 5A). Of note, for EBV-2- or EBV-1-infected mice that did not
develop tumors, this was not due to failure of the virus to establish infection, as all mice
included in the study were EBV positive by PCR in the blood, spleen, and/or LN at the
time of harvest (Fig. 5A). A higher percentage of hCD45� lymphocytes preinfection
corresponded with an increased likelihood that EBV-1- and EBV-2-infected mice would
develop tumors. However, for the EBV-2-infected mice that developed tumors, the
percentage of human T cells preinfection was significantly higher than that of EBV-2
mice that did not develop tumors (Fig. 5B). Interestingly, the majority of EBV-2-infected
hu-mice developed LN (Fig. 5C), which does not occur in all hu-mice and requires high
human T cell chimerism (40, 42). Collectively, these observations suggest that T cells
contribute to lymphoma development in EBV-2-infected mice. Importantly, EBV-2-
infected (72.7%) and EBV-1-infected (75.0%) hu-mice developed tumors at comparable
frequencies, suggesting that, in contrast to the impaired ability of EBV-2 to immortalize
cells in vitro, EBV-2 in vivo infection efficiently induces development of lymphomas with
a frequency comparable to that of EBV-1. Notably, both EBV-1 and EBV-2 tumor cells
expanded when cultured in vitro and were maintained in culture for up to 2 months,
further demonstrating the in vivo transformation capacity of EBV-2.

Characterization of B cell lymphomas in EBV-infected humanized mice. Tumors
from both EBV-1- and EBV-2-infected hu-mice were first analyzed to confirm EBV
infection utilizing in situ hybridization (ISH) for EBER. EBV-1- and EBV-2-associated
tumors were found to be positive for EBER (Fig. 6A). Additionally, RT-PCR analysis of
tumors associated with EBV-1 (n � 3) and EBV-2 (n � 3) showed expression of EBNA-1,
EBNA-2, LMP-1, and LMP-2, consistent with the latency III program of EBV gene
expression. Transcripts of the EBV lytic transactivator gene BZLF1, indicative of a lytic
infection, were also detected in some tumor samples (Fig. 6B). Hematoxylin and eosin
(H&E) staining revealed that all tumors showed the histologic morphology of diffuse
large B cell lymphoma (DLBCL). Specifically, tumors showed similar morphological
features with diffuse infiltration of high-grade lymphoma cells in the tissue. The
lymphoma cells were large and had round or slightly irregular nuclei with vesicular
chromatin and frequent prominent nucleoli. The cytoplasm was moderate to abundant
and showed pale pink staining. Frequent atypical mitotic figures and apoptotic cells
were noted. Large areas of coagulating necrosis were commonly present (Fig. 6C).
Immunohistochemistry (IHC) analysis established the presence of both CD20� and
CD20� cells in these tumors (Fig. 6D). CD20 is downregulated when B cells differentiate
into plasmablasts (51). Tumors were negative for the plasma cell terminal differentia-
tion marker CD138 (Fig. 6D), suggestive of a plasmablastic phenotype (52). In the
majority of other EBV-1 hu-mouse models, infected mice developed DLBCL with type III
EBV latency and limited detection of the lytic protein BZLF1 (36, 37, 53), consistent with
what was observed in EBV-1- and EBV-2-infected hu-mice. For EBER ISH staining,
previously confirmed EBV-positive B cell lymphoma tumor tissue was used as a positive
control, and EBV-negative B cell lymphoma tumor tissue was used as a negative control;
an isotype control and a CD138� germinal center control were used for IHC staining
(Fig. 6E). Collectively, these data demonstrate that both EBV types induced a B cell
lymphoproliferative disease resembling DLBCL with immunologic features of plasmab-
lasts, as observed in some cases of EBV� DLBCL of the elderly (54).

EBV type 2 lymphomas have a plasmablast phenotype and exhibit monoclonal
B cell expansions. To further characterize the lymphomas that developed in the
hu-mice following EBV-1 or EBV-2 infection, we analyzed by flow cytometry digested
tumors and lymph tissue that visibly contained tumors. We consistently detected a
large population of CD19� CD20� B cells in lymphoid tissues and tumors from both
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FIG 5 Viral loads and immune parameters of EBV type 1- and 2-infected BRGS humanized mice with and without tumor development. Hu-mice were infected
utilizing i.v. or i.p. injection with 1 � 108 genome copies of EBV-1 (B95.8 virus) or EBV-2 (LCL-10 virus). A subset of BRGS mice were also infected via the ex vivo
route of infection: CD34� depleted CB cells were infected in vitro with 10 genome copies of EBV-1 or EBV-2 per cell, and at 12 h postinfection 5 � 106 CB cells
were i.v. injected into adult nonhumanized BRGS mice. Mice were euthanized when signs of illness were observed (5 to 8 wpi) or at 8 and 12 wpi if signs of
illness were not observed. Following euthanasia, spleen, LN, and blood were harvested, and DNA was isolated. (A) Multiplex qPCR for EBV genome (BALF5 gene)
was performed to determine the log EBV copy number per 1 � 106 cells for tissues or log EBV copies per microliter of blood. Dashed lines indicate limits of
detection of the BALF5 PCR. ND, not detected; NA, not acquired. (B) Tumors developed in humanized mice that had higher human chimerism in blood, as
determined by flow cytometry 1 to 6 weeks preinfection (left) or with higher human T cell chimerism, specifically for EBV-2-infected hu-mice, also determined
by flow cytometry of PBMC at 1 to 6 weeks prior to infection (right). Each dot represents data from an individual hu-mouse infected with EBV-1 (B95.8) or EBV-2
(LCL-10), and data are segregated according to tumor development in mice, as indicated. Bars are means � standard errors of the means. *, P � 0.05; **, P �
0.01. (C) Increased frequency of hu-mice with lymph node development among EBV-2-infected hu-mice relative to levels in EBV-1-infected hu-mice.

Coleman et al. Journal of Virology

November 2018 Volume 92 Issue 21 e00813-18 jvi.asm.org 12

https://jvi.asm.org


EBV-1- and EBV-2-infected mice but not in non-tumor-bearing and uninfected control
mice (Fig. 7A). In fact, we could observe these CD19� CD20� cells in blood of hu-mice
up to 2 weeks prior to onset of tumor symptoms (data not shown). The CD19� CD20�

B cell phenotype is associated with plasmablasts and plasma cells. To further charac-
terize these B cell subsets in infected hu-mice, we analyzed the CD19� CD20� and
CD19� CD20� cells for Ig clonality via intracellular staining for Ig(�) and Ig(�) light
chains (LCs). In normal human lymphoid tissue, Ig(�)- and Ig(�)-expressing B cells exist
in roughly equivalent proportions (Fig. 7B), and the majority of B cells express inter-
mediate levels of Ig LC. Only plasmablasts or plasma cells express high levels of
intracellular Ig. In the EBV-associated tissues with tumors, we found an increased
percentage of CD19� CD20� cells (Fig. 7A) with increased intracellular Ig LC expression
(Fig. 7B and C). Importantly, in the majority of infected mice (Table 2), the tumors
appeared monoclonal, with a predominant Ig(�) population, although in some hu-mice
we observed monoclonal Ig(�) B cells and polyclonal populations (Fig. 7B and C).

We also characterized the lymphomas found in the spleen for expression of CD5,
CD10, CD19, CD21, CD27, CD38, and IgD proteins, markers that identify distinct B cell
subsets. Single-cell suspensions were analyzed by flow cytometry. The B cell tumors
were CD5� CD10� CD19lo CD21� CD27� CD38high IgD� (Fig. 7D and 8; also data not
shown), a phenotype consistent with plasmablasts (55). Interestingly, comparison of the
EBV-1- and EBV-2-associated tumors revealed remarkable similarities in the tumor
immunophenotypes, including not only a plasmablastic phenotype but also infiltration

FIG 6 EBV types 1 and 2 induce diffuse large B cell lymphomas in BRGS humanized mice. Tumors harvested from EBV-infected hu-mice were analyzed utilizing
a variety of techniques to characterize EBV-positive lymphomas. (A) Tumors isolated from the spleen and kidney of EBV-1- and EBV-2-infected hu-mice were
examined via EBER in situ hybridization (ISH) to detect Epstein-Barr virus (EBV)-encoded small RNA-1 and -2 (EBER-1/2). Digoxigenin-labeled probe (Dako) was
utilized to detect EBER-1/2, and nuclear fast red was used as a counterstain. (B) Purified RNA was isolated from tumors and reverse transcribed, and biplex PCRs
were carried out for EBV genes EBNA-1, EBNA-2, LMP-1, LMP-2, BZLF1, and human �2-microglobulin. The EBV-2 LCL-10 lymphoblastoid cell line was used as
a positive control for all latent amplicons, and the EBV-2 Jijoye Burkitt’s lymphoma cell line induced to reactivate was used for the lytic amplicon. (C) Tumors
isolated from the spleen and kidney of EBV-1- and EBV-2-infected hu-mice were examined by H&E staining to assess the types of tumors in each animal.
Representative H&E-stained EBV-1- and EBV-2-associated tumors isolated from the spleen or kidney are shown. (D) CD20 and CD138 antibody staining of tumor
sections isolated from the spleen and kidney of EBV-1- and EBV-2-infected hu-mice. DAB stain was used to visualize positive cells, which appear brown in the
images. (E) EBV-positive and -negative tumor tissues were used for EBER ISH staining controls, and an isotype control and CD138� germinal center control were
used for IHC staining. All images were acquired with a Leica DM500 microscope using the 10� and 100�objectives, as indicated.
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FIG 7 Clonality and immunophenotype of EBV type 1- and 2-associated tumors. (A) CD20 expression on
CD19� (hCD45� CD19� gate) cells in spleen and LN from uninfected or EBV-2-infected humanized mouse,

(Continued on next page)
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of human T cells and downregulation of the EBV receptor CD21 on B cells (Fig. 7D and
8). Collectively, these data demonstrate that both EBV strains induced a B cell lym-
phoproliferative disease resembling DLBCL.

DISCUSSION

Since the first description of the second strain of EBV, the biology of EBV-2 has
represented a paradox. Unlike the worldwide distribution of EBV-1, EBV-2 has a more
restricted geographic prevalence (56). EBV-2 differs genotypically from EBV-1 in key
latency genes as well as in two lytic genes (8–12). EBV-2 does not readily establish
immortalized B cell lines while the capacity to immortalize B cells is a prominent feature
of EBV-1 (8, 57). And, in contrast to EBV-1, we found that EBV-2 readily infects resting
primary T cells in vitro and establishes a persistent infection of T cells of healthy Kenyan
children (14, 18). In this paper, we used a humanized mouse model to understand the
unique biology of EBV-2. Consistent with both our in vitro and in vivo observations (14,
18), EBV-2, but not EBV-1, established latency in T cells in hu-mice. Surprisingly, in spite
of the poor in vitro B cell-immortalizing ability of EBV-2, we observed B cell lymphopro-
liferations characteristic of DLBCL in EBV-2-infected hu-mice. These results suggest that
infection of T cells by EBV-2 is part of the normal biology of this virus.

Consistent with the observations of Ma et al., who reported that T cells are not
infected by EBV-1 in NSG hu-mice (34), we also did not observe EBV-1 infection of T cells
in the hu-mice. However, EBV-2 infected both T and B cells in hu-mice. Interestingly, the
viral loads are comparable to those observed in Kenyan infants’ T cell fractions when
calculated as the EBV copy number/cell (18). The viral loads in the T and B cells in the
hu-mice were also comparable and indicative of a robust infection. The EBV-2-infected
T cells in hu-mice expressed a latency III program in both peripheral circulating
lymphocytes and secondary lymphoid tissue (e.g., lymph nodes and spleen). This
program is characteristic of the pattern of viral latent gene expression in immortalized
B cells in vitro and in B cell LPD in immunocompromised patients in vivo. The latency
III transcription program, also termed the growth program, is also thought to occur in
lymphoid tissue following primary EBV infection of B cells (17). That we are also
observing this is in EBV-infected T cells suggests that this is a common lymphotropic
program and not unique to B cells.

Transcripts of the lytic transactivator gene BZLF1 were also detected in a number of
the T cell and non-T cell fractions, indicative of a productive lytic infection or early
latent infection of newly infected cells. Transcripts of one late lytic gene, gp350, were
also detected in many of the T cell and non-T cell fractions, providing further support
for productive lytic infection occurring in EBV-2-infected hu-mice. We did not further
evaluate EBV-2-infected hu-mice for production of infectious virus, so we cannot rule
out a potential abortive infection. Importantly, no BZLF1 transcripts were detected
following infection of T cells in vitro (14), pointing to a striking difference between in
vitro and in vivo infection of T cells by EBV-2. Previous hu-mouse model studies utilizing
BZLF1 mutant viruses suggested that lytic EBV infection was essential for lymphoma
development (33, 34), and given that EBV-2 induced B cell lymphomas in the hu-mice,
this is consistent with those observations.

FIG 7 Legend (Continued)
as indicated. (B) Expression (intracellular plus extracellular) of Ig(�) and Ig(�) light chains in CD19� CD20�

or CD19� CD20� B cells, as indicated, from uninfected LN or from spleen or LN cells from EBV-2-infected
hu-mouse. The upper right graph illustrates the gating for Ig(�) (y axis) or Ig(�) (x axis) follicular (FO) or
plasmablast (PB) populations that was used for all flow plots. (C) Ig light chain expression in tumor-
associated tissues from EBV-1- or EBV-2-infected hu-mice. The columns show the percentages of plasma-
blasts (CD19� CD20�) that are Ig(�)� (intracellular [IC] plus extracellular [EC]). (D) CD10, CD21, and CD38
expression of CD19� CD20� and CD19� CD20� cells, as indicated, from EBV-2 tumor-associated tissue. Blue
lines are included as positive controls and represent expression of CD10 on immature splenic B cells, of
CD21 on mature LN B cells, and of CD38 on mature splenic B cells from a normal hu-mouse. The filled gray
lines represent negative controls and the expression of the relevant protein on mCD45� cells. Data are
representative of at least 3 mice infected with EBV-2 and are similar to phenotypes observed in lymph tissue
from tumor-bearing EBV-1-infected mice.
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Important questions in hu-mice concern the effects of EBV-2 T cell infection and
whether the mice mount an immune response to EBV-2. We detected limited altera-
tions in the EBV-2-infected T cells compared to the T cells of PBS-injected control
hu-mice. However, our observations of a significant decrease of the CD69 protein in LN
are consistent with trends of lower HLA-DR (also an activation marker) and CCR7
expression, which, similar to CD69, retains lymphocytes in LN. Furthermore, after T cell
activation levels of CD5 are known to increase (58) on T cells in the blood and spleen,
suggesting an exit of activated T cells from the LN at 2 weeks following EBV-2 infection.

FIG 8 Side-by-side comparison of EBV type 1 and 2 tumor immunophenotypes. Flow cytometric analysis was performed on tumors isolated from the spleen
of an EBV-2- and EBV-1-infected hu-mouse. Tumor single-cell suspensions were initially gated on for human lymphocytes (murine CD45�) and assessed for the
percentages of T cells (CD3�) and B cells (CD19�). Human CD19� B cells were further analyzed for expression of surface IgD, CD38, CD27, CD20, CD10, and
CD21.
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Along these lines, another interesting effect of EBV-2 infection was increased human
chimerism in the blood. Perhaps the combination of EBV-2-infected T and B cells
proliferating and activated T cells exiting the LN and proliferating in response to the
infection itself collectively contributes to the increased human chimerism in the blood.
Additionally, EBV-2-infected hu-mice developed LN at an increased frequency relative
to infection with EBV-1. It is well established in many models of humanized mice that
LN development is delayed, typically occurring 3 to 4 months following human
engraftment, and that the development of LN does not occur in all hu-mice and is
dependent on high human T cell chimerism (40, 42). Thus, the ability of EBV-2 to infect
T cells could perhaps have an intriguing correlation with the increased human chime-
rism and LN development following infection in hu-mice.

Given that EBV-2 poorly immortalizes B cells in culture, it was a reasonable hypoth-
esis that in hu-mice, EBV-2 infection would not result in B cell lymphomas. However,
hu-mice infected with EBV-2 developed B cell lymphomas resembling DLBCL, as
determined by both pathology analysis and flow cytometric phenotype. The tumors
that developed in our EBV-2-infected mice were typically a mixed B cell population,
with a polyclonal repertoire evident among the CD20� B cells and a more monoclonal
population evident in the CD20� population. In most of the tumor-associated tissues
there was an expanded CD20� monoclonal population, as defined by LC isotype. The
apparent contrast between EBV-2’s poor immortalizing capacity in vitro compared to
EBV-2’s lymphomagenic capacity in vivo raises as yet unanswered questions as to how
the in vivo environment supports this ability. One intriguing possibility is that infection
of T cells by EBV-2 supports the transformation of B cells in vivo. Notably, other
investigators have demonstrated that in EBV-1 hu-mouse models, CD4 T cells contrib-
ute to viral persistence and lymphomagenesis (36, 48, 59). Although T cells are not
infected by EBV-1, these studies suggest that CD4 T cells contribute to EBV-1 persis-
tence and lymphomagenesis by providing CD40 signaling when LMP-1 is no longer
expressed (36, 48). Further studies using the EBV-2 hu-mouse model described here are
required to determine the role that infected T cells play in EBV-2 persistence and
lymphomagenesis.

These EBV-2 B cell lymphomas were morphologically similar to EBV-1-induced
DLBCL and arose with similar kinetics and frequencies as well as similar EBV latency III
gene expression profiles. The lymphomas induced in EBV-infected hu-mice are similar
to DLBCLs observed in elderly humans with respect to histology, plasmablastic phe-
notype, expression of the latency III program, and monoclonality (reviewed in reference
60). EBV-1 and EBV-2 are detected with equal frequency in Burkitt’s lymphoma (12, 15,
16) and in HIV-positive non-Hodgkin lymphomas (61, 62), so there is evidence for EBV-2
to drive B cell lymphomagenesis.

EBV is also associated with malignancies and diseases that originate from T cells,
including NK/T cell lymphomas (1), hemophagocytic lymphohistiocytosis (5), hydroa
vacciniforme (6), and chronic active EBV (7, 63). The etiology of these T cell diseases
remains unknown, and previously only xenograft mouse models have been utilized to
reproduce features of EBV-associated T cell diseases (39). The ability to readily infect T
cells with EBV-2 in the BRGS hu-mouse model could allow the elucidation of EBV’s role
in the etiology of these EBV-associated T cell lymphomas and LPD. However, we did not
observe any signs of T cell lymphoproliferative disease in the EBV-2-infected hu-mice.
Relatedly, we have previously performed long-term in vitro cultures of EBV-2-infected
primary T cells. EBV-2-infected T cell cultures consistently survived out to 9 wpi, with
detectable EBV latent gene transcripts detectable through at least 5 wpi, demonstrating
that infection is maintained in the T cells (C. B. Coleman and R. Rochford, unpublished
observations). Yet while EBV-2 substantially prolongs the survival of primary T cells in
vitro, we have yet to generate an immortalized T cell line. This suggests that, unlike
infection of B cells, EBV is unable to independently immortalize T cells and that
additional genetic hits may be required for the development of EBV-associated T cell
lymphoproliferative disorders. It is possible that the rapid development of B cell
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lymphomas in the EBV-2-infected hu-mice did not allow sufficient time for the devel-
opment of T cell lymphoproliferative disorders or that other genetic hits are needed.

While there was minor contamination of the isolated T cell fractions, several lines of
evidence support the T cell infection. Importantly, the isolated T cell fractions had only
minor contaminations of murine cells and human B cells; the levels of human B cell
contamination of the T cell fractions were 0.00 to 1.59% and �8% for murine cells (not
a target for EBV). Additionally, at 2 wpi there were T cell fractions isolated from the LN
that were positive for EBV while the corresponding non-T cell fraction, which contains
B cells, was negative for EBV. And T cell fractions isolated form B95.8-infected hu-mice,
which had very similar percentages of contaminating B cells (0.2 to 1.48%), were all EBV
negative. Further, viral loads in the T cell and non-T cell fractions of LCL-10-infected
mice were similar; thus, although the non-T cell fractions contained only 10.6 to 50.8%
B cells, the minor B cell contamination of the T cell fractions would not account for the
viral loads that were detected in the T cells fractions. Further, our results are consistent
with our previous studies showing EBV-2 infection of T cells in vitro (14) and in healthy
infants (18). Because of the limited cell numbers isolated following EBV-2 infection, we
were not able to confirm if EBV-2 infected CD4 or CD8 T cells.

Additional factors must be considered in evaluating EBV pathogenicity in hu-mouse
models. For example, different EBV-1 strains have been shown to cause various
EBV-associated diseases in these hu-mouse models. As demonstrated here and by
others, infection with the EBV-1 B95.8 isolate resulted in development of a B cell
lymphoma resembling DLBCL (33, 34, 46). In our model, we found that both the EBV-1
(B95.8) and EBV-2 (LCL-10) strains induced B cell lymphomas with striking similarities.
In both strains the DLBCL tumors had a plasmablast phenotype, and the lymphopro-
liferative disease appeared to begin as a polyclonal process with outgrowth of monoclonal
tumors. In fact, in individual mice we found multiple tumors with distinct monoclonal
populations [Ig(�) or Ig(�)] based on tumor location (data not shown). On the other hand,
infection of hu-mice with the Akata EBV-1 strain has been shown to induce B cell lym-
phoproliferative disease (38), arthritis (64), or hemophagocytic lymphohistiocytosis (HLH)
(65); however, the factors that dictate which disease state occurs are currently unclear. In
this study, we used an EBV-2 strain (LCL-10) derived from a Kenyan EBV-2 isolate. Interest-
ingly, we found that the EBV-2 strain isolated from the Jijoye BL cell line was incapable of
establishing infection in our hu-mouse model (data not shown). The association of the two
EBV types with specific human diseases is not apparent, but there seem to be clear
differences in individual EBV strains in hu-mouse models, beyond those specific to the two
EBV types, that affect the pathogenicity of EBV.

Using our human chimerism analysis of PBMC prior to infection as a baseline to
assess efficacy of tumor development, we found a clear correlation with higher human
chimerism and tumor development in both strains but more notably with EBV-1
infection. Consistent with the reduced tumor incidence in the hu-mice with lower
human chimerism preinfection, hu-mice with �30% hCD45� cells preinfection were
often not productively infected, or viral loads were below our PCR limit of detection of
4 genome copies. Importantly, by measuring the frequency of human T cells among the
hCD45� cells in the blood preinfection, we noted that mice with a higher frequency of
T cell chimerism had a higher incidence of B cell tumor development by EBV-2. In
contrast, this correlation was not observed in EBV-1-infected mice that developed
lymphomas. This supports the hypothesis that infection of T cells by EBV-2 supports the
transformation of B cells. The increase of CD8� T cells in the LN and spleens of mice
with tumors could either be an expansion of EBV� T cells or the mounting of an
anti-tumor response by the human T cells.

We have shown here that EBV-2 infection of hu-mice results in establishment of a
latency III gene program in T and B cells and the subsequent development of B cell
lymphomas resembling DLBCL. Thus, the EBV-2 BRGS hu-mouse model described here
provides an important in vivo model to study the role of T cells in EBV-2 persistence and
pathogenesis.
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MATERIALS AND METHODS
BRGS humanized mice. For this study, we utilized BALB/c Rag2null Il2r�null SirpaNOD (BRGS) mice that

are immunodeficient, devoid of murine T, B, and NK cells, and highly permissive to xenograft transplan-
tation as previously described (42, 43). CB CD34� cells were prepared using a CD34-positive selection kit
(Miltenyi Biotec, Bergisch Gladbach, Germany) and expanded in culture as previously described (40).
Approximately 1.0 � 105 to 4.0 � 105 in vitro-expanded CD34� cells were injected intravenously (i.v.)
(typically) or intraphepatically (i.h.) (less frequently) into 1- to 3-day-old BRGS mice that were previously
irradiated with 300 rad. For ex vivo infection of BRGS mice, the CD34� population of CB mononuclear
cells was infected in vitro and the following morning injected i.v. into tail veins of lightly irradiated (300
rad) adult BRGS mice. Human umbilical CB samples, rejected due to low volume or other reasons, were
obtained from the University of Colorado Cord Blood Bank at ClinImmune Labs (Aurora, CO).

Investigators in this study were blinded from donor identities, and the studies were performed in
compliance with University of Colorado Institutional Review Boards. Hu-mice were housed and main-
tained on a diet enriched with Septra under specific-pathogen-free and biosafety level 2 conditions at the
University of Colorado, Denver, Anschutz Medical Center (UCD-AMC) vivarium (Aurora, CO). Animal
procedures were approved by the UCD-AMC Institutional Animal Care and Use Committee.

Evaluation of human chimerism and immunophenotype by flow cytometry. PBMC from hu-mice
between 8 and 18 weeks of age were analyzed by flow cytometry with antibodies (Abs) to murine CD45
(mCD45), human CD45 (hCD45), hCD3, hCD5, hCD8, hCD19, and hCD20 at least twice to confirm
engraftment of human B and T cells. Human chimerism is defined as the percentage of human (hCD45�)
hematopoietic cells in the total population (human and mouse) of hematopoietic (hCD45� and mCD45�)
cells. Abs used in flow cytometric analyses were as described previously (40, 41, 43) and purchased from
BioLegend (San Diego, CA). Cells were incubated with Abs in staining buffer (PBS, 1% bovine serum
albumin [BSA], 0.1% sodium azide) for 15 min at 4°C and washed two times with the same buffer.
Samples were collected on a cyan analyzer at the flow cytometry core at the UCD Cancer Center, and
analyses were performed with FlowJo software, as described previously (40).

Production of EBV stocks and infection of hu-mice. The EBV cell lines B95.8 and LCL-10 were used
in this study for production of virus. The B95.8 cell line has previously been typed and found to carry
EBV-1 (66), and the LCL-10 cell line carries type 2 EBV (67). EBV stocks were generated as previously
described (14). Virus stocks were quantified following DNase treatment by quantitative PCR (qPCR), as
described below. Hu-mice (with proven human hematopoietic chimerism) were directly infected via i.p.
or i.v. injection with 1 � 108 genome copies of EBV-1 (B95.8 virus stock) or EBV-2 (LCL-10 virus stock) in
a total volume of 500 �l or 100 �l, respectively. Alternatively, mice were indirectly infected (ex vivo
method) as follows. CD34� cell-depleted cord blood mononuclear cells (5 � 106) were infected ex vivo
with 10 genome copies per cell of EBV-1 (B95.8 virus stock) or EBV-2 (LCL-10 virus stock), incubated for
12 h, and transferred i.v. into intact BRGS mice. Control mice were i.v. injected with 100 �l of PBS.
Following infection, mice were monitored daily for signs of malaise and ruffled fur as indicators of illness.
Mice were euthanized when signs of illness were observed or at indicated time points.

Analysis of human lymphocyte subsets in EBV-infected mice. Following euthanasia of EBV-
infected or control hu-mice, the spleen, LN, and blood were harvested. Tissues were homogenized to
single-cell suspensions, and PBMC were isolated from whole blood by Ficoll-Paque purification. For
experiments evaluating which cell fractions were infected by EBV or the incidence of tumor development
in the BRGS hu-mouse model, a portion of each sample was used for flow cytometric analysis of human
lymphocyte subsets (anti-mCD45, -hCD45, -hCD3, and -hCD19). The remaining cells were used to assess
EBV load and gene expression patterns in each compartment, as described below. Mice with �1 � 106

total human lymphocytes in the spleen and LN were excluded due to insufficient numbers from studies
in which T cell and non-T cell fractions were analyzed. For experiments evaluating the incidence of tumor
development in the BRGS hu-mouse model, mice in which virus was undetectable in the PBMC, spleen,
and LN at the time of harvest, utilizing the PCR for EBV copy number described below, were excluded
from the study. For experiments comparing lymphocyte subsets and activation status in EBV-2-infected
versus PBS control mice at 2 wpi, samples were stained, as described above, for hCD45, hCD3, hCD4,
hCD8, hCD19, hCD20, hCD45RA, hCD45RO, hCCR7/CD197, hCD69, hCD5, and hHLA-DR and analyzed via
flow cytometric analysis.

Tumor tissue analysis. Following euthanasia of EBV-infected hu-mice, observed tumors were
harvested, and a portion was formalin fixed. The remaining portion of the tumors was homogenized to
obtain single-cell suspensions. Paraffin-embedded sections and tumor cell suspensions were then
analyzed utilizing a variety of techniques to characterize EBV-positive lymphomas.

(i) H&E stain. Tumors from hu-mice infected with EBV-1 (4 tumors) and EBV-2 (5 tumors) were
stained with hematoxylin and eosin (H&E) and analyzed by a pathologist to classify tumor types.

(ii) EBER in situ hybridization (ISH). Digoxigenin-labeled probe (Ventana Medical Systems, Inc.,
Tucson, AZ), with nuclear fast red as a counterstain, was utilized to detect Epstein-Barr virus (EBV)-
encoded small RNA-1 and -2 (EBER-1/2) for EBV infection. The assay was performed on a Ventana
Benchmark XT platform with an iViewBlue detection kit according to the manufacturer’s instructions
(Ventana Medical Systems, Inc., Tucson, AZ).

(iii) Immunohistochemistry. Following deparaffinization and rehydration, tissue sections were
blocked with 10% BSA for 30 min in a humidity chamber; the primary Ab was incubated overnight in the
humidity chamber at 4°C, followed by secondary Ab added for 30 min to the humidity chamber at room
temperature (RT). Abs and dilutions were as follows: anti-CD20 (1:200, clone MEM-269; Thermo Fisher),
anti-CD138 (1:100, clone DL-101, BioLegend), and goat anti-mouse IgG/IgM (1:500; Thermo Fisher).
Subsequently, slides were stained with diaminobenzidine tetrachloride (DAB) (ImmPACT DAB; Vector
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Laboratories, Inc.), and counterstaining was done with Vector Hematoxylin QS (Vector Laboratories). A
nonspecific binding control, matched for concentration and isotype, was used for each slide. All images
were acquired with a Leica DM500 scope utilizing 10� and 100� objectives.

(iv) Flow cytometric analysis. Tumor cell suspensions were analyzed by flow cytometric analysis to
determine the tumor cell phenotype and clonality of the tumors. Tumor cells were stained, as described
above, with antibodies to cell surface proteins, including mCD45, hCD45, hCD3, hCD19, hCD20, hIgD,
hCD38, hCD27, hCD10, and hCD21. For evaluation of intracellular immunoglobulin (Ig) light chains,
following extracellular staining cells were fixed with 2% formaldehyde for either 5 min at 37°C or 20 min
at RT. Fixed cells were washed two times in staining buffer and then incubated with saponin permea-
bilization buffer (0.5% BSA, 0.5% saponin in PBS) for 15 min at RT. Cells were subsequently stained with
Abs for Ig(�) or Ig(�) for 30 min in the dark at RT, followed by five washes in staining or saponin buffer.

Isolation of T cell and non-T cell fractions. T cell and non-T cell fractions were isolated from the
PBMC, LN, and spleens of EBV-2-infected hu-mice at 2 wpi and 4 wpi and from EBV-1-infected hu-mice
at 4 wpi. First, human cells were enriched from the spleens of hu-mice by negative depletion of mouse
cells using mCD45 magnetic columns (Miltenyi Biotec, Bergisch Gladbach, Germany). This enrichment
was not performed for PBMC and LN. For all tissues, human CD3� T cell and non-T cell fractions were
isolated using a human Pan T Cell Isolation kit (Miltenyi-Biotec, Bergisch Gladbach, Germany). Purity
analysis of cell fractions was assessed with anti-mCD45, -hCD3, and -hCD19 Ab staining. Purity of human
T cell and non-T cell fractions was calculated on mCD45� cells. Notably, mCD45� cells accounted for
�8% of all cell fractions analyzed. The purity of T cell fractions ranged from 87.4% to 92.2%, with a
contamination of 0.00% to 1.59% human CD19� B cells. The percentage of human CD19� B cells in the
non-T cell fraction ranged between 15.2% and 48.1% in PBMC, 25.8% and 50.8% in spleen, and 10.6% and
21.7% in LN, with a contamination of 0.00% to 0.65% human CD3� T cells. DNA and RNA were extracted
from cell fractions using an AllPrep DNA/RNA kit (Qiagen, Venio, Netherlands).

PCR for EBV copy numbers. EBV DNA levels were quantified as described previously using primers
and probes designed to detect a 70-bp region of the EBV BALF5 gene and the human �-actin gene as
a control for DNA input (68, 69). PCRs were run using an iCycler thermocycler equipped with an iCycler
iQ real-time PCR detection system (Bio-Rad, Hercules, CA).

RT-PCR for EBV latent gene transcripts. Purified RNA was reverse transcribed using a QuantiTect
reverse transcription kit (Qiagen, Venio, Netherlands). Primers and probes were obtained as previously
described (70), and biplex PCR was performed for EBV transcripts and human �2-microglobulin using
iTaq Universal Probes mix (Bio-Rad, Hercules, CA). RNA isolated from either the LCL-10 or Jijoye BL line
was used as a positive control for EBV-2 transcripts.
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